Abstract-A no-insulation (NI) technique has been applied to wind and test a NI HTS (YBCO) double-pancake coil at 4.2 K. Having little detrimental effect on field-current relationship, the absence of turn-to-turn insulation enabled the test coil to survive a quench at a coil current density of 1.58
I. INTRODUCTION

F
OR an LTS/HTS NMR magnet, the HTS insert must bear the entire share of any incremental frequency increase beyond 1 GHz (23.5 T), because the LTS's share is limited to 1 GHz. Thus, for a 1 GHz LTS/HTS NMR magnet, we must make its HTS insert high-performance: specifically its frequency high and o.d. compact, because the two parameters directly impact the cost of the LTS background magnet, the largest cost driver of an 1 GHz LTS/HTS NMR magnet.
To make the HTS insert of our 1.3 GHz LTS/HTS NMR magnet [1] , [2] high performance, we have been exploring an NI (no insulation) technique [3] of which the key idea is to completely eliminate turn-to-turn insulation, metallic or organic [4] - [6] , from its winding. Primary benefits of the HTS NI technique over the insulated counterpart include: 1) mechanically robust winding that reduces strain of a winding under a given magnetic stress; 2) enhancement of overall current density, particularly for YBCO tape whose overall thickness is nearly the same as that of typical insulators; and 3) reduced risks of overheating upon a local quench spot. Recently, we reported test results of the first-ever prototype NI HTS pancake coils operated at 77 K, which demonstrated that compact and stable HTS windings are feasible [3] . A new NI HTS coil having a larger inductance has been constructed and tested in a bath of LHe (liquid helium) to investigate its field performance and thermal stability at 4.2 K. On the strength of these encouraging results, we have designed six alternate HTS inserts, all based on the NI technique, for our ongoing 1.3 GHz LTS/HTS NMR magnet in particular and to emphasize the beneficial impacts of the NI technique on 1 GHz LTS/HTS NMR magnets in general. The new HTS inserts cover the frequency range 600-800 MHz with room-temperature (RT) bores of either 54 or 60 mm. This paper presents: 1) test results and analyses of the new NI HTS coil at 4.2 K; and 2) design and stress analyses of the six HTS inserts and comparison with our 600-MHz/54-mm (H600-54) HTS insulated insert currently under construction [2] . Potential challenges of the NI technique are also discussed. 
II. TEST OF SINGLE PANCAKE NI HTS COIL AT 4.2 K
A. Construction of NI HTS Test Coil
The test NI HTS coil was wound with YBCO conductor currently used to construct the H600-54. , is 2.1 so the coil may be considered as a thick pancake. Key parameters of the coil and conductor are summarized in Table I . Note that Cu layer in this conductor is only 5-thick per side. Fig. 1(b) shows the test NI HTS coil installed in the LHe test setup. The conductors external to the coil were tripled for protection in over-current tests.
B. Test Results and Discussion
The test coil at 4.2 K was charged at a rate of 0.1 A/s to a target operating current of either 50 A or 125 A, held at a target current for 400 s, and discharged at a rate of 0.1 A/s. Fig. 2 presents the test results: open and solid symbols stand for the respective 50 A and 125 A target currents, while squares, circles, and diamonds respectively for power supply currents , measured axial fields at the coil center, and calculated of its insulated (INS) counterpart of which size and number of turns are identical to those of the NI coil. Except for a charging delay of 90 s, barely discernible from Fig. 2 , the NI coil fields match well to the calculated INS counterpart fields. The charging delay was previously discussed in detail with an equivalent circuit model of an NI coil [3] . Fig. 3 shows the results of an over-current test for investigating thermal stability of an NI coil at 4.2 K. With the supply current in manual control, the coil fully quenched at 486 A . From the measured center field of 2.87 T, we estimate a field generating current of 412 A (corresponding conductor current density of 1.58 ) that flows through the winding spiral path while the balance of 74 A bypassing through the turn-to-turn contacts. Note that the bypass current is proportional to the current ramping rate according to the equivalent circuit model in [3] . Upon the quench, the power supply current increased slowly to 492 A when the current lead voltages started rising at . Finally, during the discharge mode, a section external to the coil (white dashed box in Fig. 1(a) ) burned Including a 0.02-mm adhesive organic insulation Anisotropic thermal expansion between 4 K and 77 K out at (397 A) though a subsequent test at 77 K confirmed that the coil itself was undamaged. In a separate 77-K short sample test, the conductor burned out at 90 A, which corresponds to a conductor current density of only 350 . The results prove that even a thick NI HTS coil appears to be thermally stabile at a current density as large as 1.58 in a bath of LHe at 4.2 K. They also imply that an NI HTS magnet may not require active protection. Equally important, with stabilizer matrix nominally needed for protection but eliminated from the winding, a self-protecting NI coil can be compact, i.e., the overall current density is significantly enhanced. Clearly, before the NI technique can be applied to an HTS insert for 1-GHz LTS/HTS NMR magnets, there are other issues to be resolved, both quench-induced: 1) unbalancing axial forces resulting from current misdistribution; and 2) transient internal voltages. Also, the charging delay requires further study.
III. DESIGN OF NO-INSULATION HTS INSERTS
Here, we present designs of the 600-MHz/54-mm HTS insert (H600-54) [6] plus of six new NI HTS inserts: 1) H600N-54; 2) H600N-60; 3) H700N-54; 4) H700N-60; 5) H800N-54 and 6) H800N-60. Each insert consists of two nested coils, inner and outer, each a stack of double-pancake (DP) coils wound with YBCO (inner) and Bi2223 (outer) conductors. The six inner YBCO coils are of NI type, while the outer coils are co-wound with reinforcing stainless steel strip.
A. Conductor Design
Table II presents key elastic properties of the windings for H600-54 and six NI options, computed by mixture rule and finite element method applied to winding component properties. In the H600-54 inner coil, a 0.25-mm thick Cu strip was co-wound for protection [7] . As Cu yields, the effective Young's modulus (E) of Cu is 40 GPa [7] . With the Cu strip absent in the new inner coils, their equivalent anisotropic Young's moduli are larger than that of the H600-54 inner coil. Table III summarizes key parameters of H600-54 and new six NI HTS inserts with a 1 H NMR frequency of 600, 700, or 800 MHz and an RT bore of either 54 or 60 mm. Those inserts with a 60-mm RT bore are designed to accommodate extra shim sets to mitigate large field impurities of screening-current-induced fields [8] , [9] . Design focuses are to: 1) limit the overall hoop strain to less than 0.5% and 0.4% for YBCO and Bi2223 coils respectively, though the maximum tensile strain limits are 0.6% for YBCO and 0.45% for Bi2223 [7] ; 2) set a radial gap of 26 mm between the inner coil and the RT bore (20 mm in HT600-54) for improved cryogenics; 3) set an operating current, , 180-210 A, less than the 251 A of H600-54. The overall current densities of the new inner coils, 46-54 , are 2.3-2.7 times larger than that of H600-54. As a result, the new inner coils are more compact and mechanically robust (less strained) than H600-54. Also, each new inner coil, though having an i.d. larger than that of H600-54 and an o.d. even smaller, contributes a greater center field than H600-54.
B. Magnet Design
As an HTS insert becomes compact, the cold bore of the background LTS magnet become smaller. Included in Table III are the frequencies and cold bore sizes of the respective background LTS magnets for a 1.3 GHz LTS/HTS magnet. Fig. 4 shows to-scale drawings of all the HTS inserts.
C. Stress Analysis and Discussion
The largest stress and strain, at the axial midplane, of each insert, are computed with force equilibrium, (1) and generalized Hook's laws, (2) and (3), with the plane strain assumption, (4). Here, , , , , , , , and are, respectively, radius, stress, strain, Young's modulus, Poisson ratio, current density, magnetic field, thermal strain, and thermal expansion coefficient. The bending strains are given by , where is the distance between the conductor neutral axis and the superconductor layer: 0.05 mm (YBCO) and 0.23 mm (Bi2223). to be operated with a respective LTS background magnet to generate the 1.3 GHz (30.5 T). The overall hoop strains increase with frequency and size of HTS insert in general. The overall strains of Bi2223 coils are smaller than those of YBCO chiefly owing to the smaller overall current densities ( Table III) . Note that the strains of both YBCO and Bi2223 are maximum at the innermost turn, decreasing with radius, at the outermost turn, to 40% of the innermost turn.
IV. CONCLUSION
We believe that the no-insulation (NI) technique may be most suitable for winding an HTS insert, which must bear an increasingly large share of the total field in a 1 GHz (23.5 T) LTS/HTS NMR magnet. A compact, high-performance, and self-protecting NI HTS insert leads to a less costly LTS magnet. Because the overall cost of LTS/HTS NMR magnet is primarily driven by the cost of the LTS magnet, its reduction is a major benefit of the NI technique. The test results have confirmed that the absence of turn-to-turn insulation in NI HTS double-pancake coils may greatly benefit their protection with little detrimental effects on their field-current relationship. For our ongoing 1.3 GHz LTS/HTS NMR magnet project, six new LTS/HTS magnet options have been designed, which require less costly LTS background magnets than the original insulated insert. The NI technique should contribute to the significant cost reduction of 1 GHz LTS/HTS NMR magnets.
